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ABSTRACT

• Hybrid zones offer unique insight into reproductive barriers and plant speciation
mechanisms. This study investigated postzygotic reproductive isolation in the natural
hybrid Epidendrum 9 purpureum, which occurs in sympatry with its parent species,
Epidendrum denticulatum and E. orchidiflorum.

• We examined the development of male and female gametophytes and the events lead-
ing to seed formation in this hybrid zone. Floral buds and flowers from E. 9 purpur-
eum individuals were collected at various stages of development. Both self-pollination
and backcrosses between hybrids and parental species were performed to follow ovule
and seed development up to 60 days after pollination. The material was analysed using
optical and confocal microscopy.

• In most hybrids, microsporogenesis and microgametogenesis occur regularly, forming
viable male gametophytes. Non-viable male gametophytes were also observed and are
the result of symmetrical mitotic division. The development of the female gametophyte
occurs after self-pollination, and proceeds regularly, resulting in a reduced female
gametophyte. Embryo development in the parental species occurs without abnormali-
ties, while in backcrosses between hybrids and parental species, most embryos
degenerate.

• Embryo degeneration in the crosses between hybrids can be explained by genetic
incompatibilities. The co-occurrence of viable embryos and degenerating embryos in
backcrosses between hybrids and parental species point to incomplete postzygotic
reproductive barriers between the hybrid and the progenitors. Our findings suggest
that E. 9 purpureum could facilitate gene flow between parental species, as much of its
embryological development occurs without abnormalities.

INTRODUCTION

Processes related to the origin and maintenance of species have
attracted the attention of evolutionary biologists for centuries
(Darwin 1859; Coyne & Orr 2004; Baack et al. 2015). Species
are fundamental units of biology; however, defining and deli-
miting species is challenging (de Queiroz 2007). Various con-
cepts have been used to define species, including the concept of
biological species, which relates the process of speciation to the
evolution of reproductive isolation barriers, resulting in
the interruption or reduction of gene flow between divergent
lineages (Dobzhansky 1937; Mayr 1942; Coyne & Orr 2004).

Reproductive barriers in plants are classified as pre- and
post-pollination. Pre-pollination barriers are exclusively prezy-
gotic and include ecological and reproductive factors, such as
geographical isolation, asynchronous flowering, and isolation
from pollinators (Sobel et al. 2010). Post-pollination barriers
can be prezygotic, such as pollen–stigma or pollen–stigma
incompatibility, during signalling and/or fusion between
female and male gametes (Moyle et al. 2014) or postzygotic,
involving sterility, non-viability, or hybrid necrosis (Baack
et al. 2015). Pre- and postzygotic barriers can differ in the

intensity of their effects, and in many species, reproductive iso-
lation is not caused by one isolating factor alone, but by com-
plex interactions between different types of reproductive
barriers (Widmer et al. 2009).
Studies on hybrid zones are essential for understanding the

evolution of reproductive isolation in plants, as they enable us
to recognize how the individual components of reproductive
isolation prevent interspecific gene flow and maintain the
integrity of the parental species (Abbott 2017). Hybrid zones in
Orchidaceae present great complexity, with species exhibiting a
strong pre-pollination isolation mechanism (Xu et al. 2011;
Whitehead & Peakall 2014), prezygotic post-pollination at the
level of pollen–stigma interaction (Pellegrino et al. 2010),
strong postzygotic barriers, presenting hybrids with high
embryo mortality and sterility (Cozzolino & Scopece 2008;
Scopece et al. 2008; Pinheiro et al. 2010, 2015), and zones
showing reproductive isolation resulting from the combination
of pre- and post-pollination reproductive barriers (Scopece
et al. 2013; Tao et al. 2018; Arida et al. 2021; Zhang et al. 2022).
Information on speciation in the natural hybrid zones of

Orchidaceae in the Neotropical regions is restricted to a few
genera, such as Cypripedium L. (Szlachetko et al. 2017),
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Bulbophyllum Thouars (Borba & Semir 1998; Azevedo
et al. 2006; Fiorini et al. 2023), and Epidendrum L. (Pinheiro
et al. 2010, 2015, 2016; Moraes et al. 2013; Vega et al. 2013;
Marques et al. 2014; Arida et al. 2021). Epidendrum is one of
the largest orchid genera in Neotropical regions, showing wide
morphological variation, and has therefore been used as a
model system to investigate the evolution of reproductive isola-
tion in orchids (H�agsater & Soto-Arenas 2005; Pinheiro & Coz-
zolino 2013). Epidendrum hybrid zones present complex
reproductive barriers, with species showing incomplete repro-
ductive isolation between the pairs studied, with variation in
interspecific gene flow and introgression (Pinheiro et al. 2010;
Moraes et al. 2013; Vega et al. 2013; Marques et al. 2014), to
high levels of hybrid sterility (Pinheiro et al. 2015, 2016; Arida
et al. 2021). The ploidy and genetic structure of the hybrid and
parental lineages in the different hybrid zones of the genus have
been well characterized. However, the mechanisms that lead
to the formation of hybrid specimens with different levels of
sterility remain unknown.
In this study, we investigated the reproductive development

pattern of Epidendrum 9 purpureum hybrid specimens, which
resulted from natural crosses between Epidendrum denticula-
tum Barb. Rodr. (Fig. 1a), and Epidendrum orchidiflorum Salzm
(Fig. 1b) (Rodrigues 1877; Arida et al. 2021). The hybrid E. 9
purpureum (Fig. 1c) has a chromosome number ranging from
2n = 104 to 2n = 106, and lower reproductive success than the
parental species, which is probably related to the size of
the genome and the abnormalities that occur during meiosis
(Arida et al. 2021). Experimental crosses have found the pres-
ence of seeds with varying levels of fertility and a significant
decrease in seed viability in crosses between hybrids and back-
crosses, where hybrids acted as pollen recipients and donors
for the parental species (Arida et al. 2021), indicating the
potential presence of genetic incompatibilities. These incom-
patibilities can influence the development of the male and
female gametes of hybrid individuals, which may reduce the
viability of progeny from crosses involving hybrid plants, as
observed in different studies (Zeng et al. 2009; Shin et al. 2021;
Gautam et al. 2023). Therefore, to clarify which mechanisms
are responsible for the fertility variation in hybrid specimens of
E. 9 purpureum, our aim was to answer the following ques-
tions: (i) what is the development pattern of the gametophytes
and of male and female gametes of E. 9 purpureum; (ii) how

do E. 9 purpureum embryos develop; (iii) which
post-pollination events are related to the formation of sterile
and fertile seeds in backcrosses between hybrids and parental
species?

MATERIAL AND METHODS

Species and sampling sites

Epidendrum denticulatum Barb. Rodr. occurs in the Cerrado
and coastal vegetation of southeastern Brazil (Pinheiro
et al. 2015). Epidendrum orchidiflorum Salzm. occurs in dry
vegetation communities found in coastal areas and Caatinga
vegetation in northeastern Brazil (Pachon 2016). Both species
occur over ca. 300 km in southeastern Brazil and overlap in
the coastal vegetation of sand dunes along the coast of the state
of Rio de Janeiro, where they naturally hybridize, forming the
hybrid Epidendrum 9 purpureum (Rodrigues 1877; Arida
et al. 2021). The samples were collected in Restinga de Mas-
sambaba (Cabo Frio—RJ), where the parental species and
hybrids occur in sympatry, and were cultivated in the Orchi-
darium of Universidade Estadual de Campinas. Voucher speci-
mens were deposited at the Herbarium of the University of
Campinas (HUEC), Campinas, S~ao Paulo, Brazil, under the
following record numbers: 212843, 212844, 212845.

Experimental pollination

Self-pollination was performed to analyse the development of
the female gametophyte and the events that lead to the develop-
ment of fertile and sterile seeds in the E. 9 purpureum hybrid, as
well as the development of female gametophytes and embryos in
the parental species E. denticulatum and E. orchidiflorum. Back-
crosses was performed using hybrids as pollen donors and recip-
ients with each parental species to analyse the development of
female gametophytes and embryos. Ten pollinations were con-
ducted with five individuals for each type of cross.

Optical microscopy

To investigate the viability of gametophytes and male gametes,
35 anthers from floral buds and flowers in anthesis of the hybrid
E. 9 purpureum were collected. To analyse female gametophyte

Fig. 1. Parental species and hybrid in the Restinga de Massambaba. (a) Epidendrum denticulatum. (b) Epidendum orchidiflorum. (c) Epidendrum 9

purpureum.
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and embryo development, fruits from different experimental
pollinations described above were collected at 10, 15, 20, 25, 30,
35, 40, 45, 50, and 60 days after pollination (DAP). The samples
were fixed in 10% neutral-buffered formalin (Lillie 1965), dehy-
drated in a graded ethanol series, and infiltrated with hydro-
xyethylmethacrylate (Historesin, Leica) (Gerrits & Smid 1983).
The samples were sectioned at a thickness of 3 lm on a Leica
RM2245 rotary microtome, stained with 0.05% toluidine blue
in phosphate buffer pH 4.5 (Sakai 1973), and mounted on
Entellan synthetic resin (Merck). The slides were analysed under
an Olympus BX51 optical microscope and photographed using
an Olympus DP73 digital camera.

Laser scanning confocal microscopy

To reconstruct the male gametophytes, anthers were collected.
Thick sections of the samples, obtained using the rotary micro-
tom, e as described above, were analysed using a laser scanning
confocal microscope (Leica TCS SPE) with a 405 nm laser chan-
nel to excite the following fluorochromes: 0.5% aniline blue
(Oparka & Read 1994), emitting at 480–525 nm; 0.01% aura-
mine O (Heslop-Harrison 1977), emitting at 540–656 nm; 0.1%
calcofluor white (O’Brien & McCully 1981), emitting at
431–490 nm; and 6-diamidino-2-phenylindole – DAPI (Cole-
man & Golf 1985), emitting at 408–457 nm to detect callose,
phenolic compounds (sporopollenin), cellulose, and nuclear
DNA, respectively. Images were captured by direct acquisition
with Z-pitch ranging from 0.13 to 0.27 mm, which generated 30
to 40 optical sections in LAS AF Lite 2.6.0 software (Leica
Microsystems).

RESULTS

Pollinia development in E. 3 purpureum

The anthers of the hybrid E. 9 purpureum are bithecal and tetra-
sporangiate, and each theca has two pollinia and two caudicles
(Fig. 2a). The anther wall in young bud stamens consists of an
epidermis, endothecium, two middle layers, and biseriate tape-
tum. The epidermis and endothecium remain uniseriate
throughout the development. The tapetum is glandular and pre-
sents cells with a dense cytoplasm and evident nuclei (Fig. 2b).

The sporogenous cells (Fig. 2b) differentiate into microspore
mother cells (MiMCs) in the young anther (Fig. 2c). We
observed the deposition of callose during the differentiation of
MiMCs, individualizing the cells. MiMCs undergo the first
stage of meiosis, originating a dyad of microspores (Fig. 2e).
The cells of the dyad undergo the second stage of meiosis,
which is of the successive type, resulting in a tetrad of micro-
spores that remain united and have different conformations
(Fig. 2f). The microspores have cell walls with an evident
amount of cellulose (Fig. 2g). At the end of the meiotic process,
the exine is deposited on the microspores cell walls as well as
on the periphery of the pollinia (Fig. 2f,h). After maturation,
most of the microspores undergo asymmetrical mitotic divi-
sion (Fig. 2i,j), which gives rise to the male gametophyte
(Fig. 2k,l), which is formed by a larger cell, the vegetative cell,
and a smaller cell, the generative cell, which initially has a pari-
etal position (Fig. 2j). Later, the generative cells migrate into
the cytoplasm of vegetative cells and start to present a con-
densed nucleus (Fig. 2k,l).

Some alterations were observed during male gametophyte
development in the hybrid specimens. Some microspores
underwent a symmetrical mitotic process, resulting in male
gametophytes with two identical cells similar to the vegetative
cells of functional male gametophytes (Fig. 2k,m). Occasion-
ally, male gametophytes were observed only in the cell walls,
without any cytoplasmic content (Fig. 2m). Of the 35 anthers
analysed, only one showed bicellular male gametophytes with
degeneration of the vegetative and generative cells (Fig. 2n),
and the other showed total degeneration of the male gameto-
phytes (Fig. 2o).
Caudicle development occurs simultaneously with that of

pollinia (Fig. S1) and is visible in the first stages of anther
development. Initially, the caudicle is represented by a mass of
meristematic cells near the epidermis of the microsporangium
(Fig. S1a). Some of these cells increase in size (Fig. S1b) and
cellulose is evident in the cell wall (Fig. S1c), whereas the rest
remain undifferentiated, with characteristics similar to those of
pollinia tapetum (Fig. S1b). While sporogenesis occurs in the
pollinia, changes in the caudicle cells were observed (Fig. S1d).
The cells that increased in size undergo a meiotic cycle
(Fig. S1e,f), resulting in a tetrad of cells similar to that observed
in pollinia (Fig. S1g). The cells of the tetrad undergo asymmet-
rical mitotic division, similar to that observed during the for-
mation of male gametophytes of the pollen (Fig. S1h). At this
stage, it is possible to observe the deposition of the exine on
the cell wall of the caudicle cells (Fig. S1i).

Experimental pollination: female gametophyte development

The development stages of the different types of pollination are
summarized in Fig. 3. The stages of development of the female
gametophyte resulting from intraspecific and interspecific
experimental pollination are described jointly because of the
similarity of the events (Fig. 4, Figs. S2–S5).
All analysed specimens have flowers at anthesis with undif-

ferentiated ovaries (Fig. 4a, Fig. S3a). Placental proliferation
occurs after pollination due to intense mitotic activity. The
ovary has three carpels divided into six valves, three fertile with
the placental region and three sterile (Fig. 4b, Figs. S3b–S5a), at
approximately 10 DAP. At this stage, it is possible to observe
ovule primordium in E. 9 purpureum and in the parental spe-
cies E. denticulatum and E. orchidiflorum (Fig. 4c, Figs. S4b and
S5b). Differentiation of ovules is not synchronous, not even
within the same fruit, in both the hybrid and parental species.
From 10 to 15 DAP, a cell in the subepidermal layer in ovule

primordia differentiates into an archesporial cell (Fig. 4d,e,
Figs. S2b–S5c), and cell division in the dermal layer leads to the
formation of inner and outer integuments (Fig. 4d–f,
Figs. S2c–S5d). The nucellar epidermis has only one cell layer,
characterizing the ovule as tenuinucellate (Fig. 4f, Figs. S4d and
S5d). From 20 to 30 DAP, the archesporial cell give rise directly
to the megaspore mother cell (MMC), which increases in vol-
ume and has an evident nucleus (Fig. 4f, Figs. S2c–S5d). At this
stage of development, the outer and inner integuments elon-
gate to form the micropyle region (Fig. 4f, Fig. S5d). MMC
undergoes the first stage of meiosis, giving rise to a dyad of
megaspores (Fig. 4g, Figs. S2d–S5e). In some ovules resulting
from the self-pollination treatment in hybrids, a dyad of degen-
erating megaspores was observed (Fig. 4h). The chalazal mega-
spore undergoes a second stage of meiosis, which originates a
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triad of megaspores (Fig. 4i, Figs. S2e–S5f). The chalazal mega-
spore become functional, whereas the other megaspores degen-
erate (Fig. 4i, Figs. S2e–S5f).

Megagametogenesis begins with the first mitotic division of
the functional megaspore, and the two nuclei formed migrate
to the micropylar and chalazal poles of the developing female
gametophyte due to the formation of a large central vacuole
(Fig. 4j, Figs. S2f–S5g). These two nuclei undergo a second
mitotic division, leading to the formation of four nuclei
(Fig. 4k, Figs. S2g–S5h). These four nuclei undergo the third
and final mitotic cycles, resulting in a female gametophyte with
eight nuclei. During female gametophyte cellularization, the
two synergids and egg cell are organized at the micropylar pole
to form the egg cell apparatus, most often in a triangular
arrangement (Fig. 4l, Figs. S2h–S5i). Two nuclei migrate to the
center of the female gametophyte and are identified as polar
nuclei. The three remaining nuclei in the chalazal portion form
antipodes (Fig. 4l, Figs. S2h and S4i).

Occasionally, more than one female gametophyte was pre-
sent in the same ovule (i.e. multiple archesporia). Up to four
female gametophytes undergoing mitotic divisions were
observed in the same ovule in fruits from intraspecific pollina-
tion of the hybrid E. 9 purpureum (Fig. 4m,n), as well as in
female gametophytes with two egg cells (Fig. 4o). In the inter-
specific pollinations between E. orchidiflorum (pollen recipient)
and E. 9 purpureum (pollen donor), an ovule with two female
gametophytes was observed (Fig. S3i).

Embryo development

The development of embryos resulting from intraspecific and
interspecific pollination processes are jointly described. The
embryogenesis stages for each pollination type are summarized
in Fig. 3.
Fertilization occurred about 30–35 days after intraspecific

and interspecific pollination, as evidenced by the penetration
of the synergid, which has dense cytoplasm, and the formation
of a zygote (Fig. 5a,b, Figs. S2i–S5i). Fusion was observed
between polar nuclei and gametic nucleus, forming the primary
nucleus of the endosperm, that degenerates (Fig. 5b,c, Figs. S2j,
k and S5j,k). The first division of the zygote forms two cells: an
apical cell that forms the embryo, and a basal cell that forms
the suspensor (Fig. 5b, Fig. S5j). The cells of the inner integu-
ment of the seed coat in formation begin to have dense cyto-
plasm (Fig. 5c), whereas the outer integument elongates.
Developing embryos resulting from the intraspecific pollina-

tion of the hybrid specimens (E. 9 purpureum 9 E. 9 purpur-
eum) were observed at approximately 40 DAP. In the same
fruit, some of the embryos develop without abnormalities, with
the apical cells undergoing transverse and longitudinal divi-
sions, which results in the formation of a viable embryo,
whereas some of the embryos degenerate (Fig. 5b–k). Degener-
ation occurs at different stages of development, shortly after
the formation of the zygote (Fig. 5e) or after the divisions that
lead to the formation of the embryo (Fig. 5f,i,j). Viable

Fig. 2. Pollinia development, microsporogenesis and microgametogenesis in Epidendrum 9 purpureum. (a) Overview of the bitecae anther. Black arrows indi-

cate the microsporangia. (b) Anther wall formed by epidermis, endothecium, middle layers and tapetum. The pollinia present sporogenous cells. (c) Microspore

mother cells. (d) Callose deposition in the cell wall of microspore mother cell evidenced by aniline blue. (e) Dyad of microspores. (f) Tetrad of microspores.

(g) Cellulose in microspore cell wall, evidenced by calcofluor. (h) Unequal deposition of sporopollenin on the male gametophyte wall, evidenced by auramine

O. (i) Microspores in mitotic cycle; (j, k) Male gametophyte with vegetative cell and generative cell. Arrowhead indicates male gametophytes that have under-

gone symmetrical mitotic division. (l) Vegetative cell nucleus and generative cell nucleus, evidenced by DAPI. (m) Pollinia showing viable and non-viable male

gametophytes. Arrowhead indicates male gametophytes that have undergone symmetrical mitotic division. Red asterisk indicates male gametophyte without

cytoplasmic content. (n) Male gametophytes showing a generative cell and a vegetative cell in degeneration. (o) Degenerate pollinia. (d, g, h, l) Laser scanning

confocal microscopy. ca, caudicle; dmi, dyads of microspores; ep, epidermis; en, endothecium; ex, exine; gc, generative cell; ml, middle layer; mimc, micro-

spore mother cell; sc, sporogenic cells; ta, tapetum; tmi, tetrad of microspores; vc, vegetative cell. Scale bars: a, d, o = 50 lm; b, g, h, i, m, n = 20 lm; c, e, f,

j, k = 10 lm.

Fig. 3. Development stages of ovule and embryos in the different experimental crosses. Vertical lines refer to stages where zygote division and zygote degen-

eration were observed at the same time. Horizontal lines refer to stages where embryo development and embryo degeneration were observed at the same

time.
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embryos with a morphology similar to that of a globular
embryo and a suspensor with elongated cells (Fig. 5g) were
observed at 50 and 60 DAP; however, embryos with an irregu-
lar morphology were also observed (Fig. 5h). As the embryo
grows, the inner integument is crushed, and the outer integu-
ment originates the seed coat (Fig. 5g,h). Most of the embryos
observed at 50–60 DAP degenerate. Seed coat development in
degenerated embryos occurs in a manner similar to that
observed in seeds with viable embryos (Fig. 5i,j). Eventually,
seeds with two embryos were observed (Fig. 5k).

Embryos resulting from intraspecific pollination of the
parental species (E. denticulatum 9 E. denticulatum and
E. orchidiflorum 9 E. orchidiflorum) are viable and do not show
any abnormalities during development (Figs. S4k–n and
S5k–n). The first division of the zygote forms two cells: an api-
cal cell that forms the embryo, and a basal cell that forms the
suspensor (Figs. S4k–n and S5k–n).

In contrast, embryos from backcrosses between hybrids
and parental species may be viable or show degeneration
(Figs. S2i–o and S3l–o). At approximately 50 DAP, viable
embryos present a morphology similar to that of the globular
stage and a suspensor with elongated cells (Fig. S3m). At
approximately 60 DAP, the numbers of degenerating embryos
increases (Fig. S3n–o), and are observed in greater numbers
when the hybrid donates pollen to the parental species.

DISCUSSION

Hybrid incompatibility is generally viewed as arising from det-
rimental interactions between alleles. These alleles, although
benign within the parental genomes, become disadvantageous
when combined in a hybrid offspring (Coyne & Orr 2004).
This model has gained significant support through a growing
body of evidence accumulated in recent years. Nevertheless,
embryological details of the development stages affected by
such genetic incompatibilities are almost absent in the litera-
ture. Genetic incompatibilities that cause problems in endo-
sperm development are considered important postzygotic
barriers in plants and are the most studied subjects in the con-
text of plant embryology (reviewed by K€ohler et al. 2021).
However, such studies have not focused on orchids because the
endosperm tissue is almost absent in this plant family
(reviewed by Yeung 2017). Thus, the embryological steps that
play a role in hybrid plant viability, especially in orchids, are
poorly understood. This study describes, for the first time,
the mechanisms involved in the formation of male and female
gametes as well as the embryology of a natural hybrid of Orchi-
daceae. The results demonstrate that most hybrids present via-
ble gametophytes and gametes. However, after fertilization,

most embryos degenerate, possibly due to genetic incompati-
bilities. In backcrosses between hybrids and parental species,
there is no incompatibility between pollen and stigma, result-
ing in regular pollen tube growth, fertilization, with the devel-
opment of both viable and degenerating embryos. Our results
shed light on the specific embryological steps in which genetic
incompatibilities may act, decreasing hybrid viability and
potentially acting as an important postzygotic barrier.

Pollinia development in E. 3 purpureum

The development of male gametophytes in angiosperms is a
complex process that requires the coordinated activity of game-
tophytic and sporophytic tissues controlled by an extensive
gene network (Hafidh et al. 2016). Male sterility in hybrids can
be caused by genetic incompatibilities that affect the formation
of gametophytes or surrounding sporophytic tissue (Fishman
& Sweigart 2018). In the natural E. 9 purpureum hybrid, the
relation between gametophytic and sporophytic tissues
appeared to occur in a regular manner. No changes were
observed in the structure of the anther wall; however, changes
were observed in the formation of male gametophytes. The
anther wall is formed by a unistratified epidermis and endothe-
cium, a middle layer, and a tapetum with two layers each, simi-
lar to that described for the parental species (Alves et al. 2024),
and other Orchidaceae species (Swamy 1949; Sood &
Rao 1988; Kant & Goel 2013; Ghimire et al. 2020). No abnor-
malities were found in the tapetum of the analysed anthers,
indicating that the functions performed by this parietal layer,
such as nutrition of microspores and secretion of callose and
sporoderm (Bhandari 1984), occur regularly.
Although cytogenetic analyses showed only 55.8% meiotic

normality in E. 9 purpureum (Arida et al. 2021), the formation
of microspore dyads and tetrads occurs without abnormalities
and is similar to that observed in the parental species (Alves
et al. 2024). The sporogenic tissue does not show any alter-
ations and differentiates into a microspore mother cell that
undergoes meiosis, giving rise to microspore tetrads
that remain united. This result differs from those observed in
commercial hybrids and cultivars of genera from different fam-
ilies, such as Allium L. (Alliaceae), Brassica L. (Brassicaceae),
and Avena L. (Poaceae). Cases of male sterility have been
reported for these hybrids and can be expressed in different
ways, such as underdeveloped male reproductive organs,
defects in anther dehiscence leading to non-dispersal of func-
tional pollen, and degeneration of the cytoplasm of microspore
mother cells resulting in inability to produce functional pollen
(Mayer et al. 2013; Shin et al. 2021; Zhang et al. 2021; Gautam
et al. 2023).

Fig. 4. Ovule development, megasporogenesis and megagametogenesis of Epidendrum 9 purpureum. (a) Undifferentiated ovary of the flower at anthesis.

(b) Overview of the ovary showing sterile valve and fertile valve. (c) Detail of placental region showing ovule primordium. (d, e) Differentiation of the initial

archesporial cell and formation of the integuments, indicated by arrowhead. (f) Megaspore mother cell. (g) Megaspore dyad. (h) Megaspore dyad degenerat-

ing. (i) Functional chalazal megaspore. (j) Binucleated female gametophyte. (k). Tetranucleated female gametophyte with three visible nuclei. (l). Female game-

tophyte with synergids, egg cell, and three antipodes. (m) Ovule with four female gametophytes in development. (n) Ovule with two female gametophytes in

development. (o) Female gametophyte with two egg cells indicated by arrowhead. a, antipodes; ac, archesporial cell; dm, degenerating megaspores, ec, egg

cell; fm, functional megaspores; fv, fertile valve; ii, inner integument; mmc, megaspore mother cell; mi, micropyle; ms, megaspores; ne, nucellar epidermis; nu,

nucleus; oi, outer integument; op, ovule primordium; p, placental region; s, synergids; sv, sterile valve. Scale bars: a, b = 200 lm; c = 50 lm; d, e,

h = 10 lm; f, g, I, j, k = 20 lm.
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In most microspores, microgametogenesis occurs regularly,
forming viable male gametophytes, which have vegetative and
generative cells similar to those described for E. orchidiflorum
and E. denticulatum (Alves et al. 2024). However, symmetrical
mitotic divisions can be observed in the same pollinia, resulting
in a male gametophyte with two identical cells, similar to the
vegetative cells of functional male gametophytes. Studies have
shown that asymmetric division for the formation of male

gametophytes is essential and can be seen as a determining
division for the function of the cells formed (Eady et al. 1995;
Twell et al. 1998; Hackenberg & Twell 2019). In Arabidopsis
thaliana (L.) Heynh. mutants and transgenic plants, symmetri-
cal division during microgametogenesis is related to the loss of
microspore polarity, the position of microtubules along the
division, and failure during cytokinesis (Eady et al. 1995; Hack-
enberg & Twell 2019). In E. 9 purpureum, the formation of

Fig. 5. Embryo and seed development of Epidendrum 9 purpureum. (a) Pollen tube reaching the female gametophyte. (b) Bicellular embryo, showing apical

and basal cell, and primary endosperm nucleus. (c) Three-celled embryo. (d) Four-celled embryo. (e, f) Degenerating embryo. (g) Embryo with suspensor. (h)

Embryo with irregular morphology. (i, j) Seed with degenerated embryo. (k) Seed with two embryos. ac, apical cell; bc, basal cell; e, embryo; ec, egg cell; de,

degenerating embryo; ded, degenerating endosperm; ii, inner integument; oi, outer integument; pen, primary endosperm nucleus; pt, pollen tube; s, synergid;

sc, seed coat; su, suspensor. Scale bars: a, c, e, f, j = 20 lm; b, d = 10 lm; g, h, i, j, k = 50 lm.
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symmetrical male gametophytes may be related to these events;
however, further ultrastructural studies are required to clarify
this issue.

In Orchidaceae, pollinia can be accompanied by different
accessory structures (such as the caudicle, stipe, and viscidia)
forming a unit called a pollinarium (Dressler 1993). As in pairs
of parental species (Alves et al. 2024), caudicle development is
observed in the hybrid E. 9 purpureum. Caudicles are charac-
teristic structures of Orchidaceae that adhere pollen to the
body of the pollinator and are considered the only example of
haploid tissues with a non-sexual function (Johnson &
Edwards 2000). The development of this accessory structure in
the hybrid occurs in a way similar to that described for differ-
ent species of the genus (Blackman & Yeung 1983; Johnson &
Edwards 2000; Alves et al. 2024), with tissue differentiation and
the formation of male gametophytes characterizing the caudicle
as appendicular (Freudenstein & Rasmussen 1997).

Female gametophyte and embryo development in E. 3
purpureum

The hybrid E. 9 purpureum has flowers at anthesis with an
undifferentiated ovary and the development of the placenta
and ovule conditioned by the pollination process, similar to
most orchids studied (Mayer et al. 2021). A few abnormalities
were observed during female gametophyte formation.
Although some ovules showed degeneration during megaspo-
rogenesis, in most cases the process occurs regularly, forming
dyads and triads of megaspores, similar to the pairs of parental
species. Megagametogenesis proceeds without alterations, with
most ovules presenting viable female gametophytes with seven
cells and eight nuclei at the end of development, similar to that
observed in the parental species and in other species of this
family (Sood 1986; Sood & Rao 1986; Mayer et al. 2011).

The formation of viable female gametophytes in E. 9 pur-
pureum differs from that observed in the other hybrid speci-
mens. In hybrids of Oryza indica L. (Poaceae) several
abnormalities have been recorded. These include abnormal
positioning of the nuclei of the female gametophyte, asynchro-
nous nuclear migration, and the presence of a dark nucellus,
resulting in degeneration of the female gametophyte (Zeng
et al. 2009). Unlike the pattern observed in the parental species,
in some ovules of E. 9 purpureum we observed the develop-
ment of multiple archesporia, resulting in more than one
female gametophyte per ovule. Multiple archesporia events are
recognized as giving rise to more than one megaspore mother
cell, which will develop sister tetrads that originate two reduced
female gametophytes in a single ovule (e.g., Carmo-Oliveira
et al. 2020). This event in Orchidaceae seems to be uncommon
and has only been described for Lecanorchis japonica Blume
and Zygopetalum mackayi Hook. (Johri et al. 1992; Costa
et al. 2024).

After pollination, the pollen tube grows along the column
without any interruption, confirming that the prezygotic
reproductive barriers are weak. After fertilization, there is the
formation of a zygote and a primary endosperm nucleus that
soon degenerates, which are characteristics observed in differ-
ent species of Orchidaceae (Yeung 2022). Zygotes underwent
division to form an undifferentiated embryo and suspensor,
similar to that described for the parental species and other spe-
cies in the family (Yeung 2022). Eventually, we observed seeds

with polyembryony resulting from ovules with multiple
archesporia.
Despite the formation of viable embryos, most fertilized

ovules showed degeneration. This event was expected and con-
firms that observed by Arida et al. (2021), who found low via-
bility of seeds from self-pollination and cross-pollination
between specimens of E. 9 purpureum. Low seed viability
resulting from crosses between hybrids is common in several
hybrid zones (Baack et al. 2015) and is often related to the
occurrence of parental conflict during seed development. In
many cases, seed nonviability is caused by a defective endo-
sperm because of a deviation from the 2 m:1p ratio, resulting
in endosperm nonviability and consequent embryo degenera-
tion (K€ohler et al. 2021; Coughlan 2023). However, the absence
of the endosperm in E. 9 purpureum is not directly related to
low seed viability, as Orchidaceae endosperm degeneration is a
common feature (Yeung 2017). Thus, embryo mortality in the
seeds of this hybrid may be related to other genomic factors
and may even be the result of the interaction of different
genetic incompatibilities proposed in the Dobzhansky–Muller
model, which predicts that hybrid collapse is caused by two or
more mutational differences (Fishman & Sweigart 2018).

Backcrossing between hybrids and parental species:
Fertilization and embryo development

Differences in ploidy and genome size between the parental
species (E. denticulatum 2n = 52, E. orchidiflorum 2n = 156)
and the hybrid (E. 9 purpureum 2n = 104 to 2n = 106) (Arida
et al. 2021) did not appear to be a strong chromosomal barrier
in the analysed hybrid zone. Regardless of whether hybrids
received or donated pollen, no prezygotic incompatibility (e.g.,
pollen and stigma interactions and/or pollen tube and column
interactions) occurred, indicating a high degree of interspecific
compatibility between hybrids and parental species. According
to Arida et al. (2021), prezygotic barriers such as habitat prefer-
ence may play a stronger role in preventing the collapse of
parental species in this hybrid zone.
Embryonic development was similar in all backcrosses, with

the formation of an undifferentiated embryo, a suspensor
with elongated cells, and a primary endosperm nucleus that
soon degenerates. These characteristics are similar to those of
the embryonic development of the parental species and species
of different orchid genera (Yeung 2022). Embryo degeneration
occurs in some backcrosses between hybrids and parents; as in
embryos resulting from crosses between hybrids, embryo
degeneration may be related to the accumulation of different
genetic mechanisms of late incompatibility (Fishman & Swei-
gart 2018). Considering that not all embryos degenerate, and
thousands of seeds are produced in each fruit, sporadic events
of introgression cannot be ruled out for the hybrid zone
studied here.

CONCLUSION

In this study, we analysed the role of different mechanisms
involved in postzygotic isolation in the hybrid zone formed by
pairs of the parental species, E. denticulatum and E. orchidi-
florum, and the hybrid E. 9 purpureum. Our results show that
the hybrid specimens present mostly viable gametophytes and
gametes. After crosses between hybrids, most of the embryos
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degenerated, a factor probably related to the accumulation of
late genetic incompatibilities, confirming that although the
individuals produce fertile gametes, the reproduction of
the hybrids is compromised. Despite the differences in chro-
mosome numbers between hybrids and parental species, the
interaction between pollen and stigma occurred without any
alteration, and the sterility of the seeds in this crossing resulted
from genetic incompatibility. Further research is required to
clarify the genetic and structural interactions related to the
reduced fertility of this interspecific hybrid.
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Fig. S1. Caudicle development in Epidendrum 9 purpureum.
(a) Detail of the caudicle in the thecae of the anther. (b) Caudi-
cle presenting two types of cells. Arrowheads indicate differen-
tiating cells. (c) Cellulose in caudicle cell wall, evidenced by
calcofluor. (d) Caudicle cells and sporangium cells of pollinia
in meiosis. (e, f) Caudicle cell in meiosis indicated by arrow-
heads. (g) Overview of the caudicle after meiosis. (h) Caudicle
cells showing two cells, vegetative and generative. (i) Deposi-
tion of sporopollenin in caudicle cells, evidenced by auramine.
c, i Laser scanning confocal microscopy. ca, caudicle; ex, exine;
gc, generative cell; mimc, microspore mother cell; ta, tapetum;
vc, vegetative cell. Scale bars: a, b = 20 lm; c, d, g, i = 50 lm;
e, f, h = 10 lm.
Fig. S2. Ovules and embryo development in the experimen-

tal treatment hybrid pollen receptor 9 parental pollen donor.
a, d, e, f, g, j, n Epidendrum denticulatum pollen donor. b, c, h,
i, j, k, l, o E. orchidiflorum pollen donor. (a) Overview of the
ovary showing placental region with ovule primordia. (b) Dif-
ferentiation of the initial archesporial cell and formation of the
integuments (arrowheads). (c) Megaspore mother cell in meio-
sis I. (d) Megaspore dyad. (e) Functional chalazal megaspore

expanding and degenerating megaspores. (f) Binucleated
female gametophyte. (g) Tetranucleated female gametophyte
with three nuclei in mitosis. (h) Female gametophyte with syn-
ergids, egg cell, two polar nuclei and antipode. (i) Penetrated
synergid, zygote and polar nuclei. (j) Zygote evidencing the
first mitotic division, and the primary endosperm nucleus. (k)
Embryo with four cells. (l) Embryo and suspensor. (m) Degen-
erating embryo. (n, o) Unviable seed. a, antipodes; ac, arche-
sporial cell; de, degenerating embryo; ded, degenerating
endosperm; dm, degenerating megaspores; e, embryo; ec, egg
cell; fm, functional megaspores; ii, inner integument; mmc,
megaspore mother cell; ms, megaspores; nu, nucleus; oi, outer
integument; op, ovule primordium; p, placental region; pen,
primary endosperm nucleus; pn, polar nuclei; ps, penetrated
synergid; s, synergids; sc, seed coat; su, suspensor. Scale bars
a = 200 lm; b, c, d, e, f, g, h, i, j, m, n = 20; k = 10 lm;
l, o = 50 lm.
Fig. S3. Ovules and embryo development in the experimen-

tal treatment parental pollen receptor 9 hybrid pollen donor.
a, b, f, h, j, l, o Epidendrum denticulatum pollen receptor. c, d,
e, g, i, k, m, n E. orchidiflorum pollen receptor. (a) Overview
of undifferentiated ovary at anthesis. (b) Overview of the
ovary showing sterile valve and fertile valve. (c) Detail of pla-
cental region showing ovule primordium. (d) Differentiation
of the initial archesporial cell and formation of the integu-
ments (arrowheads). (e) Megaspore mother cell. (f) Mega-
spores dyad. (g) Functional chalazal megaspore expanding and
degenerating megaspores. (h) Binucleated female gameto-
phyte. (i) Two female gametophytes in the same ovule. (j) Tet-
ranucleated female gametophyte. (k) Female gametophyte
with synergids, egg cell, and polar nucleus. (l) Penetrated syn-
ergid and zygote. (m) Embryo and suspensor. (n) Degenerat-
ing embryo. (o) Unviable seeds. ac, archesporial cell; de,
degenerating embryo; dm, degenerating megaspores; e,
embryo; ec, egg cell; fm, functional megaspores; fv, fertile
valve; ii, inner integument; mmc, megaspore mother cell; ms,
megaspores; nu, nucleus; oi, outer integument; op, ovule pri-
mordium; p, placental region; pn, polar nuclei; ps, penetrated
synergid; s, synergids; sc, seed coat; sv, sterile valve; su, suspen-
sor. Scale bars: a, b=. 200 lm; c = 50 lm; d, e, i, k = 10 lm;
f, g, h, j, l, m, n, o = 20 lm.

Fig. S4. Ovule and embryo development of Epidendrum den-
ticulatum. (a) Overview of the ovary showing sterile valve and
fertile valve. (b) Placental regions with ovules in the early stages
of development. (c) Differentiation of the initial archesporial
cell and formation of integuments indicated by arrowheads.
(d) Megaspore mother cell during meiosis I. (e) Megaspores
dyad. (f) Functional chalazal megaspore expanding and degen-
erating megaspores. (g) Binucleated female gametophyte. (h)
Female gametophyte with three visible nuclei. (i) Female game-
tophyte with synergids, egg cell and antipodes. (j) Penetrated
synergids. (k). Zygote. (l) Embryo with three cells. (m) Embryo
with four cells. (n) Embryo with evident suspensor. ac, arche-
sporial cell; de, degenerating embryo; dm, degenerating mega-
spores; e, embryo; ec, egg cell; fm, functional megaspores; fv,
fertile valve; mmc, megaspore mother cell; ms, megaspores; ne,
nucelar epidermis; nu, nucleus; op, ovule primordium; p, pla-
cental region; ps, penetrated synergid; s, synergids; sc, seed
coat; sv, sterile valve; su, suspensor. Scale bars: a = 200 lm; b,
n = 100 lm; c, d, e, f, g, h = 20 lm; i, k, l, m = 10 lm;
j = 50 lm.
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Fig. S5. Ovule and embryo development of Epidendrum orchi-
diflorum. (a) Overview of the ovary showing sterile valve and fer-
tile valve. (b) Placental regions with ovules in the early stages of
development. (c) Differentiation of the initial archesporial cell.
Black arrows indicate integument differentiation. (d) Megaspore
mother cell. (e) Megaspore dyad. (f) Functional chalazal mega-
spore. (g) Binucleated female gametophyte. (h) Female gameto-
phyte with three visible nuclei. (i) Female gametophyte. (j)
Penetrated synergids and egg cell. (k) Embryo showing apical cell

and basal cell. (l). Three-celled proembryo. (m) proembryo and
suspensor. (n) Embryo, with evident suspensor. ac, archesporial
cell; de, degenerating embryo; dm, degenerating megaspores; e,
embryo; ec, egg cell; fm, functional megaspores; fv, fertile valve;
mmc, megaspore mother cell; ms, megaspores; ne, nucelar epider-
mis; nu, nucleus; op, ovule primordium; p, placental region; ps,
penetrated synergid; s, synergids; sc, seed coat; sv, sterile valve; su,
suspensor. Scale bars: a = 200 lm; b = 100 lm; c = 20 lm; d, e,
f, g, h, I, j, k, l, m, n = 50 lm.
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